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INSTRUMENTALITIES FOR INSURING AND HEDGING AGAINST RISK 

Technical Field 

The invention is concerned with methods, systems and instruments for 
insuring and hedging against risk, e.g. weather-related risk, including catastrophic risk 
and other large-scale risk which may be weather-related or otherwise. 

5 Background of the Invention 

Concerns are on the rise with large-scale risks, e.g. weather-related 
risks in view of increasing volatility of weather, climate changes, and population 
movement to warm coastal areas with attendant changing property prices. Weather 
affects an estimated $2 trillion of the $9 trillion U.S. economy. Such risks are 

10 difficult to diversify using traditional insurance and reinsurance practices, and even 
though climate changes remain putative, the financial challenge is manifest. In the 
last several years the property/casualty insurance industry has experienced record 
claims of some $43 billion in connection with climate volatility. Illustrative of such 
instances are the Midwest drought of 1988, the Midwest floods of 1993, and flooding 

15 along the California coast in 1995. In 1992, Hurricane Andrew caused insured losses 
of some $25 billion of which $18 billion were covered by insurance. In the aftermath 
of Hurricane Andrew, a significant number of reinsurance companies either stopped 
offering insurance entirely or limited their offering by ceasing to underwrite 
catastrophe reinsurance. As reinsurance supply dried up, reinsurance rates increased 

20 almost threefold. 

In view of insurance inadequacies in covering catastrophic loss, new 
strategies have been proposed and implemented, e.g. the creation of financial 
instruments for betting on the frequency of catastrophes which may be weather related 
or otherwise. Instruments of this type were introduced by the Chicago Board of Trade 

25 (CBOT) under the designation of Catastrophe Futures in 1993. Among similar 
instruments are bonds having a return which is linked to hurricane frequency and 
severity in the current season and in a specified geographic area. Also, such return 
has been tied to an insurance company's losses from hurricanes. Typically, the 
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frequency and severity of catastrophic risks is unknown, as is the case for 
environmental health risks, health risks, nuclear reactor risks, and satellite risks. 

Bilateral contracts contingent on weather risks have been traded by 
investment banks and brokers/dealers, and offered on a case-by-case basis to 
5 insurance companies, energy/utility companies and others whose revenues depend on 
weather conditions. 



Summary of the Invention 

To avoid idiosyncratic bilateral contracts, each having a different price 
for possibly similar services or products, contracts can be based on a standardized 

1 0 index or benchmark. An index can quantify a risk factor to businesses and/or 

individuals, e.g. atmospheric temperature deviation from a nominal temperature in a 
specific area and over a specific time interval as expressed by heating degree days 
(HDD) and cooling degree days (CDD). In correspondence with the quantified risk 
condition, such an index may be termed "Temperature Index", "Weather Index", 

1 5 "Climate Index" or "El Nifio Index", for example. 

For hedging against the risk, standardized derivative securities or 
financial contracts can be drawn contingent on the index, including futures and 
options, and such contracts can be traded on an exchange, for example. 

Furthermore, where insurance is used, for efficient allocation of risk 

20 bearing, an insurance contract can be combined or "bundled" with one or more 

derivative securities. The insurance contract pays an agreed amount contingent on the 
occurrence of an event, and the derivative securities have a payoff which depends on 
an index that represents the aggregate frequency of such events, for example. 

Brief Description of the Drawing and Appendices 
25 Fig. 1 is a graphic representation of two probability distributions of 

losses due to hurricanes in El Nino and La Nifia years, respectively, in the El Nino 

Southern Oscillator (ENSO) cycle. 

Fig. 2 is a schematic of a technique in accordance with a preferred 

embodiment of the invention, wherein an insurer executes trades in a financial 
30 instrument here designated as ENSO Index or El Nifio Index. 



0 



WO 00/08567 PCT/US99/I7709 

3 

Fig. 3 is a flow chart for scientific and computerized determination of 
heating/cooling degree days. 

Fig. 4A is a conceptual diagram for a simple weather contract 
contingent on a weather index, 

5 Fig. 4B is a conceptual diagram for a call contract on the contract of 

Fig. 4A. 

Included herewith are the appended papers by authors Graciela 
Chichilnisky and Geoffrey Heal entitled "Managing Unknown Risk" and "Financial 
Markets for Unknown Risks", respectively. 

10 Detailed Description 

The following description is addressed primarily to so-called 
catastrophe bundles, presupposing a novel risk index and a novel contract contingent 
on the risk index. For example, if the index is a measure for temperature, the contract 
will be contingent on a temperature value. While insurance is unsatisfactory when the 

15 frequency of a risk is unknown, and securities are unsatisfactory when the risks are 
individual, a combination of insurance and securities can achieve efficient allocation 
of risk bearing. Such a combination, here called a catastrophe bundle, can guard 
against a financial debacle due to overexposure of an insurer, while providing nearly 
full coverage of the insured. The catastrophe bundle requires the novel risk index 

20 which provides a standardized or benchmark measure of the risk, and the novel 

contract which is contingent on the value of the index. Preferably, the index depends 
on scientific variables, e.g. temperature or precipitation. 

Preferably, a catastrophe bundle is customized based on descriptions of 
the risk. A computerized mathematical formula can be used in customization of the 

25 catastrophe bundle, taking into account a plurality of risk patterns having different 
actuarial tables. Derivative securities are created with payoffs depending on which 
description of the risk is applicable, and insurance contracts are created to establish 
compensation depending on which description of the risk is applicable. 

As an example, Fig. 1 shows hurricane incidence depending on the so- 

30 called El Nifio Southern Oscillator (ENSO) cycle. There are two extreme states of the 
cycle, known as El Nifio and LaNifia. In El Nino years, hurricane incidence in the 
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southeastem.part of the United States is below average; in La Nina years it is above 
average. Fig. 1 shows the probabilities for three outcomes or levels of losses, namely 
5, 10 and 15 billion dollars, for El Niflo and La Nina years, respectively. As shown, 
under El Nino conditions the respective probabilities are 0.1, 0.2 and 0.1. 
5 Corresponding probabilities are higher under La Nina conditions, namely 0.2, 0.3 and 
0.2. 

For hedging of an insurance risk in view of the lack of an actuarial 
function of El Niflo versus La Nifla conditions, for example, an"ENSO Index" or "El 
Nino Index" can be used whose value is low under El Niflo conditions and high under 
10 La Nina conditions. The El Niflo Index is an example of an index for a physical 
parameter, contingent on which a contract can be drawn to pay an agreed amount. 

Other environmental indices can be based on precipitation or 
temperature measures, e.g. heating/cooling degree days for a specific geographic 
region such as a state or a city, and for a specific period of time. A heating degree day 
15 (HDD) is defined for days with an average temperature of less than 65 degrees 

Fahrenheit, as 65 degrees Fahrenheit minus the daily average temperature. A cooling 
degree day (CDD) is defined for days with an average temperature of more than 65 
degrees Fahrenheit, as the average daily temperature minus 65 degrees Fahrenheit. 

Fig. 3 illustrates computerization for determining heating degree days 
20 HDD and cooling degree days CDD for an n-day period, e.g., with n=3 1 , for the 
month of January of a specified year. 

Similar indices can be established based on different parameters, e.g. 
precipitation or yet other climate conditions in a geographic region and for a certain 
time period. 

25 Contracts contingent on an index can be time-dependent, e.g. with 

reference to a year, month or any specified time period. For example, contracts can be 
drawn on cumulative HDDs/CDDs over a time period. Such a contract is an example 
also of a security which is conditional on the incidence of an insured peril, i.e., on 
which risk description is applicable. 

30 With the probabilities in accordance with Fig. 1 , in an El Nino year the 

expected value of hurricane damage is calculated in billions as 

(0.1 x $5) + (0.2 * $10) + (0.1 x 15) = $4 
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Correspondingly calculated, in a La Nifia year the expected value is $7 billion. 

The following is under the assumption of a 40% chance of an El Nino 
year, a 60% chance of a La Nifia year and a total value of insured property of $30 
billion. In a worst-case scenario, when hurricane damage is at its maximum of $15 
5 billion, half of the insured value is at risk. 

In an El Niiio year the expected loss is 13.33% of the insured risk; in a 
La Nifia year it is 23.33%. Thus, the insurance rates on line, i.e. the premiums as a 
percentage of the insured amount conditional on being in El Nifio and La Nifia years 
would have to be at least 13.33% and 23.33%, respectively, for the insurer to break 
10 even in terms of expected value. 

But the expected losses are different, depending on the type of year, El 
Nifio or La Nifia. Without knowledge of the type of year, the expected loss due to El 
Nifio is the expected loss in an El Nino year times the probability of such a year, 
i.e. 0.4 x $4 = $1.6 billion. For La Nifia the corresponding calculation is 0.6 * $7 - 
15 $4.2 billion. Hence, without knowledge of the type of year, the expected losses in El 
Nino and La Nifia years are $1.6 and $4.2 billion, respectively, for a total of $5.8 
billion. 

As to the premiums that would have to be charged for coverage in each 
type of year without actual knowledge of the type of year, in order to break even on 

20 average they would have to be the premiums contingent on being in each year — i.e. 
13.33% and 23.33%, respectively — multiplied by the probabilities of each type of 
year. Thus, without knowledge of the type of year, the rates on line would have to be 
at least 0.4 x 13.33% = 5.33% or 0.6 x 23.33%= 13.99%, respectively. 

If an insurer were to follow conventional procedures of charging 

25 premiums based on the over-all expected loss, without distinguishing between the two 
climate patterns, premiums would be charged to yield the over-all expected loss of 
$5.8 billion, implying a rate on line of 5.5/30 = 19.33%. This is unsatisfactory, 
amounting to overcharging in El Nifio years when expected claims are $4 billion and 
the rate on line need be only 13.33%, and undercharging in La Nifia years when 

30 expected claims are $7 billion and rate on line is 23.33%. In the former case, the 

insurer receives premium income in excess of the expected claims by $1 .8 billion; in 
the latter, premium income falls short by $1 .2 billion. For proper matching of assets 
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to liabilities, income from El Nino years should be shifted to La Nina years. 

Such shifting can be effected by trading shares of a suitably structured 
security which is contingent on a novel, standardized index, here termed "ENSO 
Index" or "El Niflo Index" whose value can be related to the incidence of hurricanes, 
5 (see Fig. 1 , for example), and in which traders can take long and short positions. Such 
trading has the intended effect in that, under the probabilities and the dollar amounts 
which the insurer has available or will need, the excess $1.8 billion will be available 
with a 40% probability and the shortfall $1.2 billion will be required with a 60% 
probability, and 0.4 x $ 1 .8 billion = 0.6 x $ 1 .2 billion. 

10 The respective prices of ENSO Index contracts delivering $ 1 in both El 

Nino and La Nifia years will be proportional to the probabilities of these events, so 
that they will be in the ratio of 0.4/0.6 or 2/3. But $1.2/51.8 = 2/3, so that at such 
prices the sale of surplus income in El Niflo years will exactly finance the purchase of 
income to cover the deficit in La Nifia years. 

1 5 Accordingly, with an ENSO Index, a preferred pattern of financial 

transactions can be summarized as follows: 

1. Issuing insurance contracts which provide coverage against damage in 
either El Nifio or La Nina years. 

2. Selling $1 .8 billion of contracts contingent on the ENSO Index having a 
20 value corresponding to an El Nifio year, at a price of $0.40 per dollar. 

3. Buying $1 .2 billion of contracts contingent on the ENSO Index having a 
value corresponding to a La Nina year, at $0.60 per dollar. 

By such a combination of trades in securities and insurance policies, 
here termed a catastrophe bundle, an insurer has complete coverage for themselves as 
25 well as their clients, even without knowledge of the odds of loss. 

The technique is illustrated by Fig. 2 where t represents a count which 
starts at t=0 in a year in which insurance is issued for subsequent years t = 1, 2, ... 

While the expository example presented above involves just two states 
(El Nifio, La Nina) and three outcomes (losses of $5, $10, $15 billion), a more general 
30 derivation can be used to demonstrate the efficacy of catastrophe bundles as follows. 

Assuming k states numbered i = 1, k, and n outcomes, numbered j = 
1, n, for outcome j the loss will be denoted by Xj, the probability of state i will be 
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denoted by Pj, and for state i the probability of outcome j will be denoted by p^ 

The probabilities are such that 

Pi> Py * "0; I<i) Pi = 1 ; Lu) Py = 1 for all i 



For outcome] the total probability is 



flj = L(o Pi Pi 



The mean loss is 



The loss variance is 



a2 = L{j>qi( x j-^) 3 



10 For each of the states, the mean loss is 



= Eu> Py Xf 

and the corresponding loss variance is 

° 2 = Eu> Py ( x j - Mi) 2 

When an insurer is hedged, with a security, against indeterminacy of the state, the loss 
IS variance is 

°CB 2 = Li» Pi Of 2 . 



Without such hedging, the loss variance is 



WO 00/08567 PCT/US99/17709 

8 

= Em Eu> Pi Pu (O^i - ft) + (ft - n)) 

= Eo) Pi [lij} Pij(Xj-Mi) 2 + 

+ 2 'Eui Pij(x j -^ i )(n r n) + 

5 + Eoi Pu (ft - tf] 

= E{i> Pi °i 2 + 

+ 2 ' Eli) Pi (ft - V) [Eijj Pu *j - ft] + 

+ E<i> Pi(ft-M) 2 -Epy 
= °cb 2 + Em Pi (^i - m) 2 . 

1 0 Accordingly, the variance with catastrophe bundle (CB) is less than the variance 
without catastrophe bundle, with the difference being directly related to the 
magnitudes of the spacing of the \i { from n. Therefore, for each expected return, the 
use of a novel index, novel contract contingent on the index, and novel bundle of 
insurance and the contract leads to advantageously reduced risk for the expected 

15 return. 

The following is further with respect to indices, e.g. for weather risk, 
demand/supply risk, political risk, etc. which are commercially significant in 
themselves, as are contracts contingent thereon even aside from catastrophe bundles. 
The use of an index can be sold or licensed by Exchanges such as the New York 

20 Stock Exchange, London Stock Exchange and Bermuda Stock Exchange, for 

example, providing an industry-wide systematic benchmark measure of a specific 
risk. Contracts which are contingent on such an index can be used for risk hedging or 
management that protects the revenue of individuals or corporate entities when 
excessive losses or costs are incurred due to unfavorable conditions, e.g. climate 

25 patterns such as El Nino or La Nifia, excessively warm or cold periods or excessively 
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dry or wet periods. Figs. 4A and 4B illustrate such hedging, using a simple contract 
(Fig. 4A) and a call on the simple contract (Fig. 4B) 

Contracts based on indices can be bought/sold jointly with or 
independently from insurance contracts. They can have one or more "triggers", e.g. 
5 HDDs,CDDs, precipitation, time of year or season, length of time, El Nino or La Nina 
seasons, as well as industry and over-all demand levels for commodities of interest, 
e.g. electricity, heating oil and natural gas. 

Index values can be determined from suitable data, e.g. meteorological, 
oceanographic, demographic, political or commercial data. Such determinations may 
10 involve computational procedures, e.g. accumulating, averaging and smoothing where 
computerization can be used to advantage to cope with data. Computerization can be 
used also in trading contracts which aire contingent on an index, with buy or sell 
orders issuing when profitable in view of an actual value of the index as compared 
with a contract value. 
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Managing Unknown Risks 

The future of global reinsurance. 

Graciela Chichilnisky and Gcofircy Heal 



ORACIELA CH1CWXMSKY ts 
UNESCO. profcsor ct* nathasuuics 
ix, economics and director of the 
Prop: a: on Infowurioc and 
Resource* ae Columbia L'wveniry 
to Ne% York ;-0CC7). 

GEOFFREY HEAL a> tfe« Paul 
Cured professor of public pobcy 
and corporate responsibility at the 
Graduate School of Buiines at 
Columbia University in Sew Yotk 
O0CE7). 



It has been said that insurance is the last of the 
financial services to accept radical change 
CDenr.ey (1995-1996]). Yet there has been a fun- 
damental shift in the geographic location and in 
the organization of the re:nsu rar.ee industry in the last 
six yean (Chichilnisky [1996b]). Global environmental 
risks are parly responsible for this change; increased 
weather volatility and catastrophic risks are difficult to 
diversify using traditional insurance practices. 

lb provide a map to the furjie. we need a real- 
istic appraisal of how wc got where wc are. This is, the 
story of how human* have hedged risks. There are two 
basic anci distinct approaches: statistical and economic. 
The former is typical of :hc insurance industry; the lat- 
ter typifies the securities industry. Doth are needed ;o 
manage today's catastrophic risks. Neither alone will 
da We show how a combination of both leads tc effi- 
cient outcomes, and \t the way to the future 
(Chichdrusky [1996a, 1996b. :996d|). 

The volatility of weather, taken together with 
population movement to warm coastal areas and chang- 
ing property prices, has made catastrophic risks highly 
unpredictable. Many scientists believe inat climate 
change could be the source. A recent report by; the 
Intergovernmental Panel on Climate Change (1PCC), 
charged by governments with investigating global 
warming, says that humans have a ** discernible" influ- 
ence on global climate. 

In May 1996. insurance executives confronted 
the energy industry over global warming, and took rhcir 
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case :o the United Nations Geneva meeting on climate 
change in June 1996 (Doulton [1996]). Their case was 
heard, and for the fin: time the United States took a 
lending position in supporting the developing countries' 
calls for hard targets in the reduction of greenhouse gas 
emissions in the industrial countries. Environmental 
markets that trade countries' rights tc emit have been 
proposed and loom krge on the horizon.' 

FINANCIAL RISKS 

Although the data on climate change arc not 
conclusive, the financial challenge is already teai. In the 
las; few years the property/ casualty insurance industry 
has experienced record claims of about US$43 billion 
connected with climate volatility. In the United States 
alone, there was the 1988 Midwest drought, the 1993 
Midwest floods, and 1995 flooding along the California 
coast. Hurricane Andrew in 1992 produced about 
USI1S bUUon of insured losses and total losses greater 
wan USS25 billion (Chichiinisky [1996a]). 

Andrew was the most devastating natural catas- 
trophe ever recorded. It also led :o a wave of financial 
catastrophe; the hurricane affected almost every insur- 
ance company in the United States. Not knowing how 
to hedge unpredictable risks adds the risk of financial 
catastrophe on top of that of the natural catastrophe, a 
one-two punch that could lead to a societal disaster. 
The year after Andrew, thirty-eight tton-U.S, and eight 
U.S^ reinsurers, with names as familiar as Continental 
&f and Ney/ England Re, either withdrew from die 
business or ceased underwriting catasrrophc reinsurance 
{Cfcchilmsky (1996b)). 

Facing an impossible challenge, many reinsurers 
lef: the market. Worldwide reinsurance capacity 
dropped more than 30% between 1989 and 1993, and 
it appears that over 20% of that is due to Andrew. This 
naturally led to changes in the marketplace. Insurance 
companies could not buy enough catastrophe reinsur- 
ance, no matter how hard they tried. As supply dried 
up, prices of course increased dramatically; the rate on 
line went from 6.2% in 1989 to 21.4% in 1994. 

Higher prices then attracted new capital. This 
led co a major geographic shift of :he industry. 
Continuing doubts about the future cxisrence of 
Lloyds of London led to a drop in the U.K. market 
share, from about 56% in 1985 to 23% in 1995. Since 
1993 Bermuda's reinsurance industry evolved from 
practically aero :o irs current positiou of 25% of the 
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marker, Investment banks are now betting heavily on 
the reinsurance market. They are the owners of went of 
the businesses created since 1992. 

REVOLUTION DM GLOBAL FINANCE 

Together with the geographic shift, there has 
been a substantial shift in :he industry's strategy. The 
insurance derivatives that haw been recommended for 
several years are starting to play a role. 

fr. 1992, we recommended the creation of an 
instrument to bet on the frequencies of catastrophes, 
which the Chicago Board of Trade (CDOT) introduced 
under the name Catastrophe Futures in 1993 (see 
Chichiinisky and Heai (1993]). In 1997, Morgan 
Stanley started marketing a similar instrument! a bond 
issue whose returns arc linked to hurricane frequency 
and severity in the current U.S. reason. Recently. 
Merrill Lynch structured a transaction for USAA. the 
country* largest direct marketer of home and car insur- 
ance, offering US$500 million ir. bonds on the U.S. 
capital markets that are tied to the company* losses 
from hurricanes (see Waters [1996]). 

Financial innovation in reinsurance markets is 
slowly developing, but the underlying pressure ;s 
relentless. Everyone knows that access to more liquid 
capital markets is essential to the reinsurance industry. 
The derivatives market is the key to liquid and flexible 
trading of weather risks. 

UNKNOWN RISKS 

Unknown risks are risks whose frequencies we 
do not know, and for which we are aware of our igno- 
rance (Chichiinisky ft996d]). You could think of these 
as risks for which we have more than one acruarial 
table, each equally likely. There is more than one prior 
estimate of the frequency of the event (sec Cass, 
Chichiinisky, and Wu (1996]). 

Examples of unknown risks are environmental 
health risks of new and little known epidemics, or risks 
induced by scientific uncertainty in predicting the; fre- 
quency and severity of catastrophic events sucfc as 
nuclear reactor and satellite risks. These risks are driv- 
ing major changes in the insurance and reinsurance 
indusay today (sec Chichiinisky and Heal (1998)}. 

Take a simple example. One reliable source gives 
a 2% annual ehanee of the occurrence of a hurricane of 
a cemui type, and another a • 2% chance Monte Carlo 
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Simula dons and other procedure* can be used to 
attempt to tease from all models a unique statistical 
approximation to the true frequency. Bur what if there 
is no true frequency? 

How could this be? Easily. There may be two 
possible climate patterns, both cquaJy likely. This is 
typical of complex and chaotic »ystcms such as the cli- 
mate (see Chichilnislcy [1998]). 

Many climate experts view climate as a funda- 
menolly non-linear phenomenon in whkh chaotic pat- 
terns emerge easily. Such systems can have two "attrac- 
con," or two distract overall patterns of behavior, each 
significantly likely. Each of these atrractors describes a 
weather pattern, a reasonable statistical inference of the 
frequencies of a major event. In such a chaotic system, 
it is scientifically impossible to predict from the initial 
conditions which of the two patterns the climate will 
take: a pattern with two hurricanes a year, or the other 
with a dozen. Because wc cannot predict, we face a risk. 
We call it a chaotic risk because it emerges (torn the 
chaotic nature of the climate system. 

The first statistical reaction is to construct a new 
actuarial tabic by taking an average; actuating the two 
states, 2% and 12% are equally likely this is 7%. But 
taking an average does not help. It only ensures that 
one is wrong 100% of the time: 50% of the time we 
arc ovcrinsured (the pattern with two hurricanes per 
year), snd the other 50% wc arc uhderinsured {the pat- 
tern '.with a dorcn a year). Both have major financial 
cosjsV If each hurricane leads to USS2 billion in losses, 
th# averaging method leads to a US$10 billion short- 
fay 50% of the time and US$10 billion overinsurance 
the other 50% of the time. Hardly a measured way to 
manage risks. 

Is there a solution to this problem? The good news 
is that there is. It is possible to hedge such unknown risks 
successfully and efficiently To do so, however, one needs 
a careful and customized approach that blends both insur- 
ance anc securities approaches :o hedging risks. 

TWO WAYS TO HEDGE RISK 

Insurance: The Statistical Approach 

The statistua! approach to hedging risks, which 
relics on the law of large numbers, is the traditional 
foundation of the insurance industry 

For this to work, risks must be reasonably inde- 
pendent across individuals or groups, and the frequencies 



must be known. Loss of life and car accidents are typical 
examples. Here the law of large numbers operates. 

There is safety in numbers; with a brge enough 
population, the number of those likely to be arTcctsd is 
known with considerable accuracy. The sample mean is 
highly predictable if the dutnbution for each person or 
group is known. This is the standard principle on 
which insurance operates. 

Reinsurance is simply a way to augment the 
pool of chose affected so that the law of large numbers 
operates better; All that is needed is a reliable actuarial 
table describing the incidence per person or group, and 
a large pool of insureds to distribute the risk (see 
Chichilnisky and Heal (1993)). 

If the numbers are not large enough, it is stan- 
dard to spread risk through time. The number of peo- 
ple afFected by a hurricane over a ten-year period is at 
least ten times chat affected m one year. This requires 
that the risks be independent through time, elimitucine 
irreversible risks such as once-and-for-all shifts arising 
from global warming. 

Hurricanes such as Andrew (1992) and Opal 
(1995), however, defy the law of Urge numbers. They 
afreet large areas all at once, both in physical and in fiaao- 
cial terms, and thcr frequency and severity seem to be 
changing. The actuarial tabic itself ha* become the risk. 
Insurance docs not work. What ate the akernarives? 

Derivatives: The Economic Approach 

An alternative is the economic approach. Tha 
works best for correlated risks, in which the same event 
occurs for many people all at once. A drop in the value 
of the dollar is an example; the event is the same for 
everyone in the U.S. economy. There is no way to pool 
this r:sk, although, as we all know, wc can hedge k bo- 
using derivatives (currency futures or options). The 
principle used here is negative correlation. One hedges 
by taking a position that is highly correlated widi the 
risk, except with the opposite sign. 

For example, an investor with a dollar-based 
portfolio who fears a drop in the value of the dollar can 
buy a futures contract in yen, or a dollar put. If the dol- 
lar drops in value, the investor is covered by the increase 
in the value of the derivative. Bear funds have been 
constructed on this principle. 

The economic procedure is radically different 
from the insurance approach in that it does not require a 
large number of people. Ncr does it require knowing the 
frequency of the event or the actuarial able. This f.tnda- 
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mentally different method is the way the securities indus- 
try operates. Instead of pooling rules, one trades risks. 

Securities markets are. however, notoriously 
complex. For example, the procedure of tracing risks 
just outlined makes no sense for individual risks, such 
as death. How would we describe the death of one sin- 
gle person within a Urge economy as one event on 
which all of us can trade? To do so would require an 
unreaiUtically high number of securities, indeed 2\ 
where x is the number of people in the economy. In a 
woild with five billion people, the number of securi- 
ties could exceed the number o: all known particles in 
the universe (see Chichilnuky and Heal (1993)). 

Insurance, instead, deals with such risks expe- 
ditiously If all individuals are in a similar risk class, 
one insurance contract would suffice. The contrast is 
stark, but it makes a point In a world of unknown 
risks, neither securities nor insurance method* work 
in isolation. 

THE IDEAL HEDGE: 
CATASTROPHE BUNDLES 

We see that insurance does not work when the 
frequency of a risk is unknown, and securities do not 
work when the risks axe individual If neither of these 
two approaches works on its own, what does work? 

The ideal hedge is a combination of insurance 
and '.Securities; this can achieve efficient allocation of 
risJfc-bcanng. We call this a catastrophe bundle because it 
Wndles together two types of instruments. It consists of 
insurance instrument with a novel derivative securi- 
ty for betting on the frequency itself (sec Chichilniskv 
and Heal 11993]). 

The latter type of security has emerged and is 
now traded on the CBOT As we have mentioned, 
related securities have recently emerged also in the form 
of bonds floated by Morgan Stanley and Merrill Lynch. 

The combination of both instruments ensures 
that no financial catastrophe will occur, since the rein- 
surer is not exposed to more risks than it can afford At 
the same time, this approach an be used to provide 
nearly full coverage for the insured at a minimal cost. 

We show elsewhere that such instruments lead to 
an efficient allocation of risk-bearing (see Chichilnisky 
and Heal {1993, 199S) and Cass. Chichunisky, and Wo 
[1996]). They require a carefully customized approach 
to hedging risk. This gives the traditional face-to-face 
insurance approach an edge over raw sechnoiogy. 



HOW DO CATASTROPHE 
BUNDLES WORK? 

Catastrophe bundles work best in the hands of 
an experienced reinsurer or broker who can customize 
the instrument to the clients needs. In a way, the rein- 
surer is selling a package that consists of insurance* a 
security, and a risk management/consulting tool 

The broker must first identify with the client the 
set of possible descriptions of the risk. This crucial: part 
of the process involves new techniques of risk manage- 
ment. It is best handled on a face-to-facc and customized 
basis. A mathematical formula is then brought to bear in 
customizing catastrophe bundles :o customer needs. This 
formula works very well when there is more than one 
pattern of risk and therefore more than one "possible" 
actuarial table, each cable being substantially likely. 

After this is achieved, derivative securities whose 
payoffi depend on which description of the risk is 'cor- 
rect are introduced. These securities serve to hedge 
uncertainty about actuarial tables. Finally, one struc- 
tures insurance contracts cha: establish a compensation 
arrangement in a way that depends on which descrip- 
tion of the risk is correct. 

Catastrophe bundles are proprietary, and their use 
in a particularly simple case is illustrated in Exhibit 1. 

PRICING AND OPTIMAL PORTFOLIOS 

Fund managers can look at the flip side of this 
picture and seek a combination of insurance and securi- 
ties that offer an optimal portfolio in insurance and 
investment markets. A pan of this instrument is what 
Merrill Lynch and Morgan Stanley have floated recently. 
Securitizing such instrunsents as, of course, the next; step. 

Through the use of catastrophe bundles* the 
reinsurance broker can access a large pool of managed 
funds while offering its clients a customised reinsurance 
service chat manages risks optimally, and at very com* 
petitive prices. 

Pricing, of course* is a crucial issue. What is 
needed here is to separate two parts of the risks and to 
push each as far as it will go. The contingent insurance 
part cf the .nstrument should be applied as far as possi- 
ble, covering the independent part of the risk for which 
it is optimally suited. Securities are then used for the 
purpose for which :hev arc best: the correlated part of 
the risk. A mathematical formula used to construct the 
catastrophe bundle separates and prices both parts. 
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EXHIBIT 1 

CATASTROPHE BUNDLE EXAMPLE 



Hurricane worse than V3 billion ones in 15~yr.ii or once in S: 
Insurance covers individual property risks 
Securities cover frequency risk 



1 in IS 



1 in 5 



Insurance is 'jrofuable 




Securities hedge this risk, 



J Inmnnce it unprofitable 



CONVERGENCE OF INSURANCE 
AND SECURITIES MARKETS 

It is r.o secret that che securities industry rs mak- 
ing inroads into the reinsurance business. By itself, 
however, it canno; succeed, because the individual parts 
o: the risks cannot be handled efficiently by securities 
markets; they are too cumbersome for indrvidual risks. 
Insurance, based cn the law of large numbers, has an 
important place in simplifying financial transactions and 
hedging known individual risks. . 

, , 'Catastrophe bundles offer one approach to com- 
puting the limits of each instrument, and blending 
thorn optimally :o achieve the most competitive pricing 
of^a catastrophe reinsurance portfolio. 

The future of the industry is in the hands o: 
those who achieve the optimum balance, through inte- 
grating derivative securities w.th contingent insurance 
contracts, and integrating technology with enstcroizsd 
facs-to-face know-how. 

HURRICANE RISKS AND EL NINO: 
AN EXAMPLE 

How exactly would catastrophe bundles work? 
We answer that question with a simple but typical 
example, drawn from hurricane insurance. Hurricane 
incidence is conditioned by the ENSO cycle, so we 
consider, instead of hurricane bonds of the type that 
have recently been issued, a tradable ENSO index. 2 This 
index would achieve everything one needs from hurri- 
cane bonds, but in a more general and simple fashion. 



A tradable ENSO ir.dcx is a contract that pays an 
agreed amount contingent on the value of a physical 
index, It is similar in concept to the catastrophe futures 
traced an the CBOT, and is an example of a security 
conditional on the incidence of the insured ?eril, lhat 
is, on which risk description is correct 

There arc two extreme state* of the ENSO 
cycle, known as El Nino and La Nina. In EI Nino 
yean, hurricane incidence in the southeastern U.S. is 
below average: in La Nixla years, it is above. 

Exhibit 1 shows possible probability distribu- 
tions of damage due to hurricanes conditional on El 
Nino or La Nina years. 

As an example, assume that, in an £1 Nino year, 
there is a 10% chance of a %$ billion loss, a 20% chance 
of a 5 10 billion loss, and a 10% chance of a 915 billion 
loss. The expected value of the damage is therefore: (0 1 
x S5) + (0.2 x 510)+(0.1 x $15) » $4 billion. In* La 
Nina year, the probabilities are 20%, 30%, and 20%, 
respectively, giving an expected loss of $7 bitiion. 
Assume that there is a 40% chance of ar. El Nino year, 
and a 60% chance of a La Nma year. 9 The total value of 
insured property is taken as 530 billion, so that in a 
worst case scenario — when the hurricane damage is at 
its maximum of $15 billion — half of this value is arrisk. 

In an El Nino year, the expected loss is 1 3,33% 
of the insured risks, and in a La Nina year, it is 23.33%. 
It follows that the rates on line (i.e., premiums as a per- 
centage of the insured amount) conditional on being in 
El Nino and La Nina years would need to be at least 
13.33% and 23.33%, a-spcctivcly, :c break even in 
expected value terms. 
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EXHIBIT 2 

HURRICANE PROBABILITIES AND THE ENSO SYSTEM 
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As we have already noted, expected losses arc 
different, depending on what type of year we axe in. 
Before we know what kind of year will occur, wc 
therefore have an expected loss due to EI Nino equal to 
the expected low in an £1 Nino year tunes the proba- 
bility of such a year, Le,, (0.4 x $4) «• $1.6 billion. For 
La Nina, the equivalent calculation is (0.6 X $7) = $4.2 
billion. Hence, cx ante, before we knew which year we 
are or will be in, the expected losses in £1 Nino and La 
Nina years arc, respectively, $1.6 billion and $4.2 bil- 
lion, giving a total of $5.8 billion as the annual expect- 
ed loss altogether. 

^ We can now compute the premiums that would 
haveVto be charged for cover in each type of year 
beftre the rype of year is known, in order to break 
e\fen on avenge. These would have to be the premi- 
ums contingent on being in each year — seen above to 
be 15.33% and 23.33% for £1 Nino and La Nina — 
multiplied by the probabilities of each type of year. 
Thus the ex ante rates on line (before it is known 
whether we are in an El Nino or a La Nifca year) have 
to be at least (0.4 x 13.33%) = 5.33% or (0.6 x 
23.33%) = I3.99%,.respccriveiy. 

If insurers follow the obvious and traditional 
procedure of charging premiums based on the overall 
expected loss and not distinguishing between the two 
climate patterns, they will charge premiums that will 
bring in their overall cx ante expected loss of $5.8 bil- 
lion, implying a rate on line of 5.8/30 « 19.33%. This 
is unsatisfactory because in El Nino years they are over- 
charging (expected claims are $4 billion; the rate cn 
line need be only 13.33%}; La Nina years, they are 
undercharging (expected claims are $7 billion; a rate on 
line of 23.33% is needed). 



In the former case, the insur- 
ers are charging premiums in excess 
of expected losses by $1.8 billion, 
hardly a competitive strategy, and in 
the latter case, premium income 
falls short of expected claims by 
$1.2 bOHon, dearly a dangerous and 
unsustainable position. Neither, case 
is satisfactory. To match assets to lia- 
bilities properly, insurers need to 
shift income from EI Nino to La 
Nina vcars. 

This is where securities con- 
ditional on incidence, on descrip- 
tion of the risk, come into the pic- 
ture. They can be used to transfer 
income between El Nino and La Nina years so that the 
surplus in the former cover the deficit in the latter. We 
need a security whose value depends on the incidence 
of hurricanes; for the purposes of this example, wt take 
this to be a tradable ENSO index. This would be a 
contract whose value depends on the value of the 
ENSO index and in which traders can take long or 
short positions. By trading this securiry, the insurer in 
our example can in effect trade income in El Nino 
years for income in La Nina years. 

The odds work out nicely. The insurer wants to 
sell $1.8 billion in an El Nino year, its surplus of pre* 
rcium income over expected claims, which occurs with 
a 40% chance. Correspondingly, it needs to buy % 1.2 
billion of income in La Nina years, to cover the short* 
fall between premium income and expected claims. In 
our example, this happens 60% of the time. 

The prices for ENSO index contracts delivering 
$1 in El Nino and La Nina yean will be proportional 
to the probabilities of these events, and so will be in the 
ratio of 0.4/0.6 or 2/3. But $1.2 billion/St .S bOion = 
2/3, so that at such prices the sale of surplus income in 
£1 Nino years will exactly finance the purchase of 
income to cover the deficit in La Nina years. 

Overall, then, we have a pattern of transactions 
as follows: 

1. Issuing insurance contracts which provide cover 
against damage in either £1 Nino or La Nina years. 

2. Selling $1.8 billion of contracts contingent on the 
ENSO index having a value corresponding to an £1 
Nino year, at a price of $0.40 per dollar. 

3. Buying $1.2 billicn of contracts contingent on the 
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ENSO index hiving a value corresponding to a Li 
Nina year, at $0.60 per dollar. 

This specific combination of trades in securities 
and insurance policies described in these steps is what 
we refer to a* * catastrophe bundles." Through "trading 
catastrophe bundles, insurers can arrange complete 
cover for themselves and their clients at minimum cost, 
in spite of not knowing what the odds of loss will be. 
They achieve this by a specific tailor-made combination 
of insurance contracts and securities. All these contracts 
are conditional on the incidence of the insured risk. 

How different is this approach from the practice 
today? The securities issued today securibze insurance 
or reir^urance risks, and therefore bring more liquidity 
to the reinsurance market. This is an improvement. But 
these securities soil leave open the possibility that the 
insurer » either offering noncompetitive rates or tak- 
ing on a dangerous exposure. Today's securities do no: 
tackle the essence of the problem. 

The key to catastrophe bundles is to recognize 
that when there arc several possible actuarial cables* all 
reasonably likely, we have to supplement insurance 
introducing and trading securities dependent on them. 
A specific combination of insurance and securities, and 
an equally specific pricing policy, are required for an 
optimal allocation of risks on competitive terms. 

ENDNOTES 

'Chkhifcuky (1996c]. advances a proposal for a global 
znirkee on greenhouse gas smiuioiu and an tntcmabunaZ Sank for 
Er.vircnmcnul Settlements to handle exccuuou, dealing, and set- 
tlements ai wt£ as regulate borrowing and lending rates. 

*EN5C sunds far the El Nifto-Southero Oscillator, the 
name given to che wxuhcr pattern that originates in the equatorial 
Pacific and influence? mo&U and itonn incidence from Australia to 
southern Africa. An indicator of die state of the ENSO cvde is a sea 
surface temperature index for the equatorial Pacific. 



^Ths is a ampliikaucB, There ire aho years that arc ncs- 
rher, so-called ncutrai yean. The numbers wc esc in this example 
ire pureiy illustrative. 
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3 .5. Financial Markets for Unknown Risks * 



1. Introduction 

New risks seem to be an unavoidable in a period of rapid change. The last few 
decades have brought us the risks of global wanning, nuclear meltdown, ozone 
depletion, failure of satellite launcher rockets, collision of supertankers, ADDS 
and Ebola. 1 A key feature of a new risk, as opposed to an old and familiar 
one, is that one knows little about it In particular, one knows little about the 
chances or the costs of its occurrence. This makes it hard to manage these 
risks: existing paradigms for the rational management of risks require that 
we associate probabilities to various levels of losses. This poses particular 
challenges for the insurance industry, which is at the leading edge of risk 
management Misestimation of new risks has lead to several bankruptcies in 
the insurance and reinsurance businesses. 2 In this paper we propose a novel 
framework for providing insurance cover against risks whose parameters are 
unknown. In fact many of the risks at issue may be not just unknown but 
also unknowable: it is difficult to imagine repetition of the events leading 
to global wanning or ozone depletion, and, therefore, difficult to devise a 
relative frequency associated with repeated experiments. 

A systematic and rational way of hedging unknown risks is proposed here, 
one which involves the use of securities markets as well as the more traditional 
insurance techniques. This model is quite consistent with the current evolution 
of the insurance and reinsurance industries, which are beginning to explore the 
securitization of some aspects of insurance contracts via Act of God-bonds, 
contingent drawing facilities, catastrophe futures and similar innovations. In 
fact, our model provides a formal framework within which such moves can 
be evaluated. An earlier version of this , framework was presented in [6]; 
Chichilnisky [3] gives a more industry-oriented analysis. 

This merging of insurance and securities market is not surprising: tradi- 
tionally economists have recognized two ways of managing risks. One is risk 

* We are grateful to Peter Bernstein, David Cass and Frank Hahn for valuable comments on 
an earlier version of this paper. 
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pooling, or insurance, invoking the law of large numbers for independent and 
identically distributed (TID) events to ensure that the insurer's loss rate is 
proportional to the population loss rate. This will not work if the population 
loss rate is unknown. The second approach is the use of securities markets, 
and of negatively correlated events. This does not require knowledge of the 
population loss rate, and so can be applied to risks which are unknown or not 
independent. In fact, securities markets alone could provide a mechanism for 
hedging unknown risks by the appropriate definition of states, but as we shall 
see below this approach requires an unreasonable proliferation of markets. 
Using a mix of the two approaches can economize greatly on the number 
of markets needed and on the complexity of the institutional framework. In 
the process of showing this, we also show that under certain conditions the 
market equilibrium is anonymous in the sense that it depends only on the 
distribution of individuals across possible states, and not on who is in which 
state. 

The reason for using two types of instrument is simple. Agents face two 
types of uncertainty: uncertainty about the overall incidence of a peril, Le., 
how many people overall will be affected by a disease, and then given an 
overall distribution of the peril, they face uncertainty about whether they will 
be one of those who are affected. Securities contingent on the distribution of 
the peril hedge the former type of uncertainty: contingent insurance contracts 
hedge the latter. 

Our analysis implies that insurance companies should issue insurance con- 
tracts which depend on the frequency of the peril, which we call a statistical 
state. The insurance companies should offer individuals an array of insur- 
ance contracts, one valid in each possible statistical state. Insurance contracts 
are, therefore, contingent on statistical states. Within each statistical state, of 
course, probabilities are known. Therefore, companies are writing insurance 
only on known risks, something which is actuarially manageable. Individuals 
then buy the insurance that they want between different statistical states via 
the markets for securities that are contingent on statistical states. The follow- 
ing is an illustration for purchasing insurance against AIDS, if the actuarial 
risks of the disease are unknown. One would buy insurance against AIDS 
by (1) purchasing a set of AIDS insurance contracts each of which pays off 
only for a specified incidence of AIDS in the population as a whole, and 
(2) making bets via statistical securities on die incidence of AIDS in the pop- 
ulation. Likewise, one would obtain cover against an effect of climate change 
bv (1) buying insurance policies specific to the risks faced at particular levels 
of climate change, and (2) making bets on the level of climate change, again 
using statistical securities. The opportunity to place such bets is currently pro- 
vided in a limited way by catastrophe futures markets which pay an amount 
depending on the incidence of hurricane damage. 

The present paper draws on recent findings of Chichilnisky and Wu [5] and 
Cass et al. (4J t both of which study resource allocation with individual risks. 
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Both of these papers develop further Malinvaud's [15,16] original formulation 
of general equilibrium with individual risks, and Arrow's [1] formulation of 
the role of securities in the optimal allocation of risk-bearing. Our results are 
valid for large but finite economies with agents who face unknown risks and 
who have diverse opinions about these risks: in contrast, Malinvaud's results 
are asymptotic, valid for a limiting economy with an infinite population, and 
deal only with a known distribution of risks. Our results use the formulation 
of incomplete asset markets for individual risks used to study default in [5, 
section 5 .c] . The risks considered here are unknown and possibly unknowable, 
and each individual has potentially a different opinion about these risks, while 
Chichilnisky and Wu [5] and Cass et al. [4] assume that all risk is known. 



2. Notation and Definitions 

Denote the set of possible states for an individual by 5, indexed by s « 
1,2 ? ...,S. Let there be H individuals, indexed by h = 1,2,... ,J7. All 
households have the same state-dependent endowments: endowments depend 
solely on the household's individual state s, and this dependence is the same 
for all households. The probability of any agent being in any state is unknown, 
and the distribution of states over the population as a whole is also unknown. 
A complete description of the state of the economy, called a social state, 
is a list of the states of each agent There are S H possible social states. A 
social state is denoted a : it is an if -vector. The set of possible social states 
is denoted fi and has S H elements. A statistical description of the economy, 
called a statistical state, is a statement of the fraction of the population in each 

state: it is an S-vector. There axe ^-l"*) statistical states ' Cleari y man y 
social states map into a given statistical state. For example, if in one social 
state you are well and I am sick and in another, I am well and you are sick, 
then these two social states give rise to the same statistical state. Intuitively, 
we would not expect the equilibrium prices of the economy to differ in these 
two social states. One of our results shows that under certain conditions, the 
characteristics of the equilibrium are in fact dependent only on the statistical 
state. 

How does the distinction between social and statistical states contribute 
to risk management? Using the traditional approach, we could in principle 
trade securities contingent on each of the S H social states. Qeariy this would 
require a large number of markets, a number which grows rapidly with the 
number of agents. The institutional requirements can be greatly simplified. 
When the characteristics of the equilibrium depend only on the statistical 
state, one can trade securities which are contingent on statistical states, i.e., 
contingent on the distribution of individual states within the population, and 
still attain efficient allocations. We will trade securities contingent on whether 
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4 or 8% of the population are in state 5, but not on which people are in this 
state. Such securities, which we will call statistical securities, plus mutual 
insurance contracts also* contingent on the statistical state, lead (under the 
appropriate conditions) to an efficient allocation of risks. A mutual insurance 
contract contingent on a statistical state pays an individual a certain amount 
in a given individual state if and only if the economy as a whole is in a given 
statistical state. 

Let Zjtur denote the quantity of good j consumed by household h in social 
state a : Zha is an iV-dimensional vector of all goods consumed by h in social 
state <r, z htT = z jha% j — l,...,tfandz* is an NS H -dimensional vector of 
all goods consumed in all social states by /i, z^ = z^ , a 6 fl. 3 

Let s(/i t a) be the state of individual h in the social state <r, and r s (a) 
be the proportion of all households for whom s(/i, a) = s. Let r(<r) = 
r\ [o) } . . . , r s [a) be the distribution of households among individual states 
within the social state o\ i.e„ the proportion of all individuals in state $ 
for each $. r(cr) is a statistical state. Let R be the set statistical states, i.e., 
of vectors r(<r) when a runs over J2, R is contained in S 1 , the product of 

J elements. 

U h is household /i*s probability distribution over the set of social states 
Q, and II* denotes the probability of state a. Although we take social states 
as the primitive concept, we in fact work largely with statistical states. We, 
therefore, relate preferences, beliefs and endowments to statistical states. This 
is done in the next section: clearly any distribution over social states implies 
a distribution over statistical states. 

The following anonymity assumption is required: 

r(a)-r(^)^II*-I^. 

This means that two overall distributions a and a 1 which have the same 
statistical characteristics are equally likely. Then Il£ defines a probability 
distribution II? on the space of statistical states R. II? can be interpreted, as 
remarked above, as /Ts distribution over possible distributions of impacts in 
the population as a whole. The probability that a statistical state r obtains and 
that simultaneously, for a given household h a particular state s also obtains, 

n* r , is 4 

n£ r = n?r 5 with £i& = n*. (i) 

s 

Tne probability II J that, for a given h 9 a particular individual state $ obtains 
is, therefore, given by 

n* = £ n?r„ 

re A 

where r, is the proportion of people in individual state s in statistical state r. 
Note that we denote by n* Jr the conditional probability of household h^being 
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in individual state s, conditional on the economy being in statistical state r. 
Clearly £, nj, = I. Anonymity implies that 

i e that the probability of anyone being in individual state s contingent on 
the economy being in statistical state r is the relative frequency of state s 
contingent on statistical state r. 



3. The Behavior of Households 

Let ef be the endowment of household h when the individual state is s. We 
assume that household h always has the same endowment in the individual 
state 5, whatever the social state. We also assume that all households have the 
same endowment if they are in the same individual state: endowments differ, 
therefore, only because of differences in individual states. This describes the 

risks faced by individuals. 

Individuals have von Neumann-Morgenstem utilities: 

This definition indicates that household h has preferences on consumption 
which may be represented by a "state separated" utility function W h defined 
from elementary state-dependent utility functions. 

We assume like Malinvaud [15] that preferences are separable over sta- 
tistical states. This means that the utility of household h depends on a only 
through the statistical state r(a). If we assume further that in state a house- 
hold h takes into account only its individual consumption, and what overall 
frequency distribution r(<y) appears, and nothing else, then its consumption 
plan can be expressed as z £ = z hsr : its consumption depends only on its 
individual state s and the statistical state r. Summation with respect to social 
states a in the expected utility function can now be made first within each 
statistical state. Hence we can express individuals' utility functions as: 

which expresses the utility of a household in terms of its consumption at 
individual state 5 within a statistical state r, summed over statistical states. 
This expression is important in the following results, because it allows us 
to represent the utility of consumption across social states a as a function 
of statistical states r and individual states, s only. The functions are 
assumed to be C 2 , strictly increasing, strictly quasiconcave, and the closure 
of the indifference surfaces {U^)' x {x) C int(J*"+) for all x 6 -R+ The 
probabilities II* are in principle different over households. 
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4. Efficient Allocations 

Let p* be a competitive equilibrium price vector of the Airow-Debreu econo- 
my E with markets contingent on all social states 5 and let z* be the associated 
allocation. We will as usual say that z* is Pareto efficient if it is impossible to 
find an alternative feasible allocation which is preferred by at least one agent 
and to which no agent prefers z\ Letp^ and z' be the components ofp" and 
z 9 , respectively, which refer to goods contingent on state cr. 

We now define an Airow-Debreu economy E % where markets exists con- 
tingent on an exhaustive description of all states in the economy, i.e. for 
all social states a 6 Q. We, therefore, have NS H contingent markets. An 
Arrow-Debreu equilibrium is a price vector p* = (p a ) t p 9 g R N +,a € ft, 
and an allocation z m consisting of vectors z 9 h = (z^) ,z m ha 6 R N +,a £ 
fi ? h - 1 , . . . , H such that for all zjj maximizes 

^*«)- £11*0* (<,)' ( 3 ) 

subject to a budget constraint 

P( z h-en) =0 (4) 
and all markets clear. 

£ i*h - e ») = 0. (5) 

h 

Proposition 1 considers the case when households agree on the probability 
distribution over social states, this common probability being denoted by IL 
It follows that they agree on the distribution over statistical states. It shows 
that in this case, the competitive equilibrium prices p m arid allocations z m are 
the same across all social states a leading to the same statistical state r. 6 

¥ 

PROPOSITION I. When agents have common probabilities, i.e.. U h = W 
Wi, then equilibrium prices depend only on statistical states. Consider an 
Arrow-Debreu equilibrium of the economy E. p' = (p') f z' = («*), a € ft 
For every state a leading to a given statistical stater, i.e., such tha"r\c) m r, 
equilibrium prices and consumption allocations are the same, i.e., there exists 
a price vector p; and an allocation % such that V<7 : r (a) = r, p' a = p' and 
z; = z' T , where p' r 6 R N + and z' r € R m depend solely on r. 
Proof. In the Appendix. 

DEFINITION. An economy E is regular if at all equilibrium prices in E the 
Jacobian matrix of first partial derivatives of its excess demand function has 

full rank [l l]. Regularity is a generic property [10, 1 1]. 

We now consider the general case, which' allows fttKII* # W if h # j. 
Proposition 1 no longer holds: the reason is that households may not achieve 
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full insurance at an equilibrium. However, Proposition 2 states that if the 
economy is regular, if all households have the same preferences and if there 
are cwo individual states, there is always one equilibrium at which prices are 
the same at all social states leading to the same statistical state. This confirms 
the intuition that the characteristics of an equilibrium should not be changed 
by a permutation of individuals: if I am changed to your state, and you to 
mine, everyone else remaining constant, then provided you and I have the 
same preferences, the equilibrium will not change. 

PROPOSITION 2. An Arrow-Debreu equilibrium allocation of the economy 
E(p\z m ) is not fully insured ifU K ^ U k for some households h,k with 
U h U k in (2). In particular, household h has a different equilibrium 
allocation across social states c\ and c\ with r(o{) = r (a?). When E is 
a regular economy all agents have the same utilities, 7 and there are two 
individual states, then one of the equilibrium prices p* must satisfy p* , = 
for all a[ % ai with r(<j{) = r [pi) . 
Proof In the Appendix. 



5. Equilibrium in Incomplete Markets for Unknown Risks 

Consider first the case where there are no assets to hedge against risk, so 
that the economy has incomplete asset markets. Individuals cannot transfer 
income to the unfavorable states. Examples are cases when individuals are 
not able to purchase hurricane insurance, as in some parts of the south eastern 
United States and in the Caribbean. Market allocations are typically inefficient 
in this case, since individuals cannot transfer income from one state to another 
to equalize welfare across states. Which households will be in each individual 
state is unknown. Each individual has a certain probability distribution over 
ail possible social states cr, Il\'ln each social state a each individual is 
constrained in the value of her/his expenditures by her/his endowment (which 
depends on the individual state s (h, o) in that social state). In this context, a 
general equilibrium of the economy with incomplete markets. Ej consists of 
a price vector p m with NS& components and H consumption. plans z£ with 
NS H components each, such that zJJ maximizes W h (z h ): 

W K (z k ) = £ n h „U h (z hff ) (6) 

a 

subject to 

Per {Zhe ~ - 0 for each a 6 ft (7) 

and 

H 

£ (** - e h ) = 0. (8) 

7i=l 
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The above economy E\ is an extreme version of an economy with incom- 
plete asset markets (see, e.g., [13]) because there are no markets to hedge 
against risks: there are S H budget constraints in (7). 



6. Efficient Allocations) Mutual Insurance and Securities 

In this section we study the possibility of supporting Arrow-Debreu equi- 
libria by combinations of statistical securities and insurance contracts, rather 
than by using state contingent contracts. As already observed, this leads to 
a very significant economy in the number of markets needed. In an econ- 
omy with no asset markets at all, such as £/, the difficulty in supporting 
an Arrow-Debreu equilibrium arises because income cannot be transferred 
between states. On the basis of Propositions 1 and 2, we show that households 
can use securities defined on statistical states to transfer into each such state 
an amount of income equal to the expected difference between the value of 
Arrow-Debreu equilibrium consumption and the value of endowments in that 
state. The expectation here is over individual states conditional on being in a 
given statistical state. The difference between the actual consumption-income 
gap given a particular individual state and its expected value is then covered 

by insurance contracts. Recall that A is the binomial number A = 5 ~ l ) • 

THEOREM 1 . Assume that all households in E have the same probability 
over the distribution of risks in the population. Then any Arrow-Debreu 
equilibrium allocation (p m t z*)ofE (and, therefore, any Pareto Optimum) can 
be achieved within the general equilibrium economy with incomplete markets 
Er by introducing a total of I. A mutual insurance contracts to hedge against 
individual risk and A statistical securities to hedge against social risk In a 
regular economy with two individual states and identical preferences, even if 
agents have different probabilities, there is always an Arrow-Debreu equi- 
librium (p" . z m ) in E which is achievable within the incomplete economy E*T* 
with the introduction of LA mutual insurance contracts and A statistical 
securities. 

Proof In the Appendix. 



6.1. Market Complexity 

We can now formalize a statement made before about the efficiency of the 
institutional structure proposed in Theorem 1 by comparison with the standard 
Arrow-Debreu structure of a complete set of state-contingent markets. We 
use here complexity theory, and in particular the concept of NP -completeness. 
The key consideration in this approach to studying problem complexity is how 
fast the number of operations required to solve a problem increases with the 
size of the problem. 
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DEFINITION. If the number of operations required to solve a problem must 
increase exponentially for any possible way of solving the problem, then the 
problem is called "intractable " or more formally, NP<omplete. If this num- 
ber increases polynomially, the problem is tractable. Further definitions are 

in [12]. 

The motivation for this distinction is of course that if the number of operations 
needed to solve the problem increases exponentially with some measure of 
the size of the problem, then there will be examples of the problem that 
no computer can or ever could solve. Hence there is no possibility of ever 
designing a general efficient algorithm for solving these problems. However, 
if the number of operations rises only polynomially then it is in principle 
possible to devise a general and efficient algorithm for the problem. 

Theorem 2 investigates the complexity of the resource, allocation problem 
in the Anow-Debreu framework and compares this with the framework of 
Theorem 1. We focus on how the problem changes as the economy grows 
in the sense that the number of households increases, and consider a very 
simple aspect of the allocation problem, which is as follows. Suppose that 
the excess demand of the economy Z (p) is known. A particular price vector 
p m is proposed as a market clearing price. We wish to check whether. or not 
it is a market clearing price. This involves computing each of the coordinates 
of Z (p) and then comparing with zero. This involves a number of operations 
proportional to the number of components of Z(p)\ we, therefore, take the 
rate at which the dimension of Z (p) increases with the number of agents to be 
a measure of the complexity of the resource allocation problem. In summary: 
we ask how the difficulty of verifying market clearing increases as the num- 
ber of households in the economy rises. We show that in the Arrow-Debreu 
framework this* difficulty rises exponentially, whereas in the framework of 
Theorem I it rises only polynomially. 

THEOREM 2. Verifying market clearing is an intractable problem in an 
Arrow-Debreu economy, Le.. the number of operations required to check if a 
proposed price is market clearing increases exponentially with the number of 
households H. However, under the assumptions of Theorem /, in the economy 
Ej supplemented by LA mutual insurance contracts and A statistical secu- 
rities, verifying market clearing is a tractable problem, Le. f the number of 
operations needed to check for market clearing increases only polynomially 
with the number of households. 

Proof The number of operations required to check that a price is market 
clearing is proportional to the number of market clearing conditions. In E 
we have NS H markets. Hence the number of operations needed to check if 
a proposed price is market clearing must rise exponentially with the number 
of households H . Consider now the case of Er supplemented by LA mutual 
insurance contracts and A securities. Under the assumptions of Theorem 1, 
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•by Propositions 1 and 2, we need only check for market clearing in one social 
state associated with any statistical state, as if markets clear in one social state 
leading to a certain statistical state they will clear in all social states leading to 
the same statistical state. Hence we need to check a number of goods markets 
equal to N.A, plus markets for mutual insurance contracts and securities. 
Now 



= { 5-1 J=*^' 



where $ (H. S) is a polynomial in if of order (5 - 1). Hence A itself is a 
polynomial in H whose highest order term depends on H s ~ 1 , completing the 
proof. Q 

7. Catastrophe Futures and Bundles 

We mentioned in the introduction that securities contingent on statistical 
states are already traded as "catastrophe futures" on the Chicago Board of 
Trade, where they were introduced in 1994. Recently, hurricane bonds and 
earthquake bonds have been introduced, additional examples of statistical 
securities. (The concept was discussed by Cbichilnisky and Heal in 1993 
[6].) Catastrophe futures are securities which pay an amount mat depends 
on the value of an index of insurance claims paid during a year. One such 
index measures the value of hurricane damage claims: others measure claims 
stemming from different types of natural disasters. The value of hurricane 
damage claims depends on the overall incidence of hurricane damage in the 
population, but is not of course affected by whether any particular individ- 
ual is harmed. It; therefore, depends, in our. terminology, on the statistical 
state, on the distribution of damage in the population, but not on the social 
state. Catastrophe futures are thus financial instruments whose pavoffs are 
conditional on statistical state of the economy: they are statistical securities 
According to our theory, a summary version of which appeared in [6] in 1993 
they are a crucial prerequisite to the efficient allocation of unknown risks. And 
as the incidence and extent of natural disaster claims in the U.S. has increased 
greatly m recent years, risks such as hurricane risks are in effect unknown 
risks: insurers are concerned that the incidence of storms may be related to 
trends in the composition of the atmosphere and incipient greenhouse warm- 
ing. However, catastrophe futures are not on their own sufficient for this: 
they do not complete the market Mutual insurance contracts, as described 
above, are also needed. These provide insurance conditional on the value of 
the catastrophe index. The two can be combined into "catastrophe bundles- 
see [3]. ' 
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8. Conclusions 

We have defined an economy with unknown individual risks, and established 
that a combination of statistical securities and mutual insurance contracts 
can be used to obtain an efficient allocation of risk-bearing. Furthermore, 
we have shown that this institutional structure is efficient in the sense that 
it requires exponentially fewer markets that the standard approach via state- 
contingent commodities. In fact, the state-contingent problem is "intractable** 
with individual risks (formally, NP-complete) in the language of computation- 
al complexity, whereas our approach gives a formulation that is polynomially 
complex. This greatly increases the economy's ability to achieve efficient 
allocations. Another interesting feature of this institutional structure is the 
interplay of insurance and securities markets involved. Its simplicity leads to 
successful hedging of unknown risks and predicts some convergence between 
the insurance and securities industries. 



$. Appendix 

PROPOSITION I, When agents have common probabilities, i.e., n* = UP 
V/i, jr. then equilibrium prices depend only on statistical states. Consider an 
Arrow-Debreu equilibrium of the economy E r p* = (pj,), -4$ = <r 6 fi. 
For every state a leading to a given statistical state r, Le., such that r (<r) ~ r. 
equilibrium prices and consumption allocations are the same, Le., there exists 
a price vector p* and an allocation z* such that V a : r (a) = r. p* = p* and 
z M a ~z;. where p; 6 R N + and z; G R NI depend solely on r. 

Proof. Consider a\ and a\ with r(a { ) = r(az) = r. Note that the total 
endowments of the economy are the same in a\ and ai 7 both equal to s r = 
H r $eks (recall that = e s as endowments depend only on individual 
states and not on household identities). Also, by the anonymity assumption, 
IV = n*. = II r , where n r is the common probability of any social state in 
the statistical state r. Let n a(r be the probability of being in social state a 
given statistical state r. By the anonymity assumption on probabilities this is 
just l/#ft r . We now show that for every household A, — due to 
the Pareto efficiency of Arrow-Debreu equilibria. Let fti. = {jrr (a) » a}. 
Let z* = {Zfo), and assume in contradiction to the proposition that there 
are and a 2 € Q r such that z^ } 7* for some h. Define Ez hr = 

£<r€n r z h<A*\r = (l/#^r) TLetCtrz^ - T* 1 * 5 is & e expected value of (z m ha ) 
given that the economy is in the statistical state r. Now 




so that Ezka is a feasible consumption vector for each h in the statistical state 
r. Next we show that by strict concavity, moving for each h and each a from 
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z* h9 (which depends on a) to Ez^ (which is die same for all a € ft), is a 
. strict Pareto improvement. This is because 

* h WW = E n-^ WW = E n r E n ^ WW • 

By strict concavity of preferences, 

En P E n ^(^) 
<En..E ^(E^nJ =EnrE^(^)- 

Since ^z/^ is Pareto superior to z' with *jL ^ «• such a z' cannot be 
an equilibrium allocation. Hence z^ = z'^ = ^ r for all /i = 1 , . . . , H. 
Note that this implies that in an equilibrium, household A consumes the same 
allocation z' hT across all individual states 5 in a given statistical state i e it 
achieves full insurance. Since p' supports the equilibrium allocation z' and 
z ha t - Z L 2 « Allows thatp;, = p' 9j whenr(o-i) = r(a 2 ), because utilities 
are assumed to be C 1 and, in particular, to have a unique gradient at each 
pointwhich, by optimality, must be collinear both with p' t and with p;, , i.e. 
Pa, - Paj = Pr- This implies that at an equilibrium, household A faces the 
same prices p" at any a with r (a) = r. 0 

PROPOSITION 2. An Arrow-Debreu equilibrium allocation of the economy 

frfj U " n0tfully insured ^ U * Uk f° r some households A, k with 
0 ^{j .In particular, household A has a different equilibrium allocation 
across social states cr, and a, with r(<7,) = r(a 2 ). When E is a regular 
economy, all agents have the same utilities} and there- are two individual 
Sftftr'fo) = f*^ uilibrium P^* 5 P' ™t satisfy p- C[ = p\Jor all a^' 

Proof. Suppose that household A. is in fact fully insured so that z^ = zj^ 
for. all a\ and a 2 with r(<r,) = r.fo). Household h's consumption levefc 
are y and y fjr . where s t = s (A, <7,) and s 2 = s (A, o 2 ). By assumption we 
have yi, r = yi,r- Now from (2) householdA's marginal rate of substitution 
between consumption in states a x and a 2 is n* |r /n* |r . Suppose also that 
household A, k ± A, is fully insured. Then by the same Argument Ar's marginal 
rate of substitution between consumption in states o x and cr> is IT* /IT* 
But if different households have different probability distributions this Isa 
contradiction as both face the same price vector. 

Assume now that E is regular, that all agents have the same preferences, 
and that 5 = 2. Consider two social states a, and 01 with r(a,) = r (o->) 
and such that o x differs from <r 2 only on the individual states of the two 
households A, and A 2 which are permuted, i.e., s(A,,a,) = 5(A 2 ,a 2 ) and 
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5 ('/i2: <7i) = 5 (/ii , cr:) . Assume that there exists an equilibrium price for E, 

p* 6 R NS " , such that its components in states <T\ and o\ are different, i.e. 

Pit ¥=■ Pi* • Define now a new price p* 6 -R^ 5 * , called a "conjugate" of p m f t 
which differs from p" only in its coordinates in states a\ and c^, which are 
permuted as follows: V a 5* a\ ,xii, % = = Pl z , and ?£ 2 = p;, . We 

shall now show that p* is also an equilibrium price for die economy E. At p% 
household /ii has the same endowments and faces the same prices in states 
c\ and <T2 as it did at states ai and a\ respectively at price p*; at all other 
states faces the same prices and has the same endowments facing 

p" and facing p". The same is true of household hi. Furthermore, h\ and h-> 
have the same utilities and probabilities at a\ and <?i because r(cr\) = r (o^) 
and probabilities are anonymous. Therefore, the excess demand vectors of 
h\ in states c\ and a-* at prices p" equal the excess demand vectors of /z 2 
in a 2 and 0*1 respectively, at prices p*, and at all other states a € Cl the 
excess demand vectors of h { are the same at prices p m and p\ Reciprocally; 
the excess demand vectors of hi in a\ and ai at prices p* equal the excess 
demand vectors of h\ va ai and a\. respectively at prices JT, and in all other 
states a\ the excess demand vectors of hi are the same as they are with prices 
p*. Formally: 

z Ht<n IP') = Zh 2 * 2 (p*) (T) = z hl9% {p m ) 
andVcr 6 fi r <7 7^ ai : cr2: 

*Ai<r (p") = >?hz<r (p*) = ** 2< , (p*) . 

The excess demand vectors of all other households h 7* h\ , hi are the same 
for p* and . Therefore, at p* the aggregate excess demand vector of the 
economy is zero, so that p m is an equilibrium. The same argument shows that 
permuting the two components p 9 ax , p;, of a price p w at any two social states 
<r..<72 leading to the same statistical state r (a 1) leads from an equilibrium 
price p* to another equilibrium price £\ This is because if two social states 
o\ and (7 2 lead to the same statistical state and there are two individual states 
s 1 and 5 2 then there is a number k > 0 such that k households who are in 5 1 
in o\ are in 52 in Pi and another k households who were in s\ in ai are in 
s 2 in or i, while remaining in the same individual states otherwise. These two 
sets ofk households can be paired. For every pair of households, the above 
argument applies. Hence it applies to the sum of the demands, so that the new 
price p 9 is an equilibrium. 

Now consider any regular economy E with a finite number of equilibrium 
prices denoted p\ , . . . ,pJJ. We shall show that there exists a j < k s.t p m 
assigns the same price vector to all social states a\ , cr2 with r (crj) = r fal 
Start with p\ : if p\ does not have this property, consider the first two social 
states ct\ , &i with r {a x ) = r (a 2 ) and p\ ax ^ p\^ . Define pj as the conjugate 
of p* constructed by permuting the prices of the social states o\ and a 2 . If 
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Vj > l.pj = p], then there are two price equilibria, i.e. k = 2; however, 
since the number of price equilibria must be odd, 9 there must exist p) x with 
ji > 1, and p m ix y£p\. Consider now the conjugate of p] x with respect to the 
first rwo social states c\ , ci which correspond to the same statistical state and 
have different components in p^, and denote this conjugate pj r Repeat the 
procedure until all equilibria are exhausted. In each step of this procedure, 
two different price equilibria are found Since the number of equilibria must 
be odd, it follows that there must exist a j < k for which all conjugates of p] 
equal p*: this is the required equilibrium which assigns the same equilibrium 
prices p 9 ax - p^, to all <?\ , with'r {ofi = r (c^), completing the proof. □ 

THEOREM 1 . Assume that all households in E have the same probability 
II over the distribution of risks in the population. Then any Arrow-Debreu 
equilibrium allocation (p*, 2*) ofE (and, therefore, anyPareto Optimum) can 
be achieved within the general equilibrium economy with incomplete markets 
Ei by introducing a total of LA mutual insurance contracts to hedge against 
individual risk and A statistical securities to hedge against social risk In a 
regular economy with two individual states and identical preferences, even if 
agents have different probabilities, there is always an Arrow-Debreu equi- 
librium (p" . z m ) in E which is achievable within the incomplete economy Ej 
with the introduction of LA mutual insurance contracts and A statistical 
securities. 

Proof Consider first the case where all households have the same probabil- 
ities, i.e., 11* = FP = II. By Proposition I, an Arrow-Debreu equilibrium of 
E has the same prices p% = p* T and the same consumption vectors z\ a = z m hr 
for each /i, at each social state a with r (a) = r. Define fi (r) as the set of social 
states mapping to a given statistical state r, i.e. ft (r) = [a 6 Q : r (a) = r}. 
The budget constraint (4) is 

P'fo-C/i) = Z P* (<<r - e>ur) =£Pr £ (z^ - e ka ) = 0. 

9 r <r€n(r) 

Individual endowments depend on individual states and not on social states, 
so that e^c = e^i*) — ^* furthermore, by Proposition 1 equilibrium prices 
depend on r and not on a, so that for each r the equilibrium consumption 
vector Zfo can be written as z^ . The individual budget constraint is, therefore, 
ILrPr Yl$(r)( z hs ~ e hs)> where summation over s(r) indicates summation 
over all individual states 5 that occur in any social state leading to r, i.e. that 
are in the set f2 (r). Let #fi (r) be the number of social states in ft (r). As 
II 5 | r = r 3 is the proportion of households in state s within the statistical state 
r, we can finally rewrite the budget constraint (4) of the household h as: 



#n (r) £ P ; £ m (r) n,| r {z hs - eht ) = o 

r s 



(9) 



WO 00/08567 



31 



PCTAJS99/I7709 



Catastrophe Futures 291 

Using (2), the household's maximization problem can, therefore, be expressed 
as: 

max £ U sr U h (z ksr ) subject to (9) 

and the equilibrium allocation z m h by definition solves this problem. Similarly, 
we may rewrite the market clearing condition (5) as follows: 

A h 

Rewriting the market clearing condition (5) in terms of statistical states r, and 
within each r, individual states s, we obtain: 

s 

or equivalently: 

Using these relations, we now show that any Arrow-Debreu equilibrium 
allocation z 9 = (zj r ) is within the budget constraints (7) of the economy 
Ej for each a e ft, provided that for each cr G ft we add the income 
derived from a statistical security A r >r = r(c), and, given r(cr), die income 
derived from mutual insurance contracts mj r = m^^j, s = i, . . . , 5. We 
introduce A statistical securities and LA mutual insurance contracts in the 
general equilibrium economy with incomplete markets £/. The quantity of the 
security A r purchased by household h in statistical state r, when equilibrium 
prices are p*, is: 

«*• = £ n, (rP ; {z' hr - eha ) . CD 

5 

The quantity a** has a very intuitive interpretation. It is the expected amount 
by which the value of equilibrium consumption exceeds the value of endow-, 
ments, conditional on being in statistical state r . So on average, the statistical 
securities purchased deliver enough -to balance a household's budget in each 
statistical state. Differences' between the average and each individual state 
are taken care of by the mutual insurance contracts. Note that (10) implies 
that the total amount of each security supplied is zero, i.e., £ A <*r* - 0 f° r 
all r, so that this corresponds to the initial endowments of the incomplete 
economy E f . Furthermore, £ r a£' - 0 by (9), so that each household h is 
within her/his budget in £/. . 

We now introduce a mutual insurance contract as follows. The transfer 
made by individual h in statistical state r and individual state s, when prices 
are p£ ? is: 

<; » p' r w, - «*) - of*. a2) 
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Note that, as remained above, m£ is just the difference between the actual 
income-expenditure gap, given that individual state s is realized, and the 
expected income-expenditure gap in statistical state r , which is covered 
by statistical securities. In each statistical state r, the sum over all h and s 
of all transfers m£; equals zero, i.e. the insurance premia match exactly the 
payments: for any given r, 

£ ira J|r m*; = £ ffn.irp; tor E n * 

= 0 (13) 

because n jjr = 1. Therefore, the {m^} meet the definition of mutual 
insurance contracts. Finally, note that with N spot markets, A statistical 
securities {a r } and / mutual insurance contracts {mj r } 

p; {z* hT - ei) = mi; + 4% V<x 6 fl with r (cr) = r, $ = s (a) (14) 

so that (7) is satisfied for each a G fl. This establishes that when all households 
have the same probabilities over social states, all Arrow-Debreu equilibrium 
allocation z* of E can be achieved within the incomplete markets economy 
E[ when A securities and LA mutual insurance contracts are introduced into 
Ei % and completes the proof of the first part of the proposition dealing with 
common probabilities. 

Consider now the case where the economy E is regular, different house- 
holds in E have different probabilities over social states but have the same 
preferences, and S = 2. By Proposition 2, we know that within the set of 
equilibrium prices there is onep" in which at all social states cr 6 Q (r) for a 
given r, the equilibrium prices are the same, i.e. p' ff = p;. In particular, if E 
has a unique equilibrium (p p , z w ), it must have this property. It follows from 
the above arguments that the equilibrium (p", z 9 ) must maximize (2) subject 
to (9). Now define the quantity of the security A r purchased by a household 
in the statistical state r by 

'r'=E n ,VPr(^-e?) (15) 

and the mutual insurance transfer made by a household in statistical state r 
and individual state 5, by 

^;=p;(^ r -ej)-a^. (16) 

As before, £ r a? s = 0 and for any given r, £ M nj r if m£ = 

52h t s r *H m, £ = 0, so that the securities purchased correspond to the ini- 
tial endowments of the economy E/ and at any statistical state the sum of the 
premia and the sum of the payments of the. mutual insurance contracts match, 
completing the proof. □ 
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Notes 

. I. A dealy viral disease 

o Many were associated with hurricane Andrew which at $ 1 8 billion in losses was the most 
expensive catastrophe ever recorded. Some of the problems which beset Lloyds of London 
arose from underestimating environmental risks. 

3. All consumption vectors are assumed to be non-negative. 

4. See [16, p. 387, para. I J. 

5. Defined formally below. 

6. Related propositions were established by Maiinvaud in an economy where all agents are 
identical, and risks are known. 

7. The condition that all agents have the same preferences is not needed for this result. 
However, it simplifies that notation and the argument considerably. The general case is 
treated in the working papers from which this article derives. 

8. The condition that all agents have the same preferences is not needed for this result but 
simplifies the notation and the proof considerably. In the working papers from which this 
article derives, the general case was covered. 

9. This follows from Dierker [11, p. 807] noting that his condition D is implied by our 
assumption that preferences are strictly increasing (see Dierker's remark following the 
statement of property D on p. 799). 
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CLAIMS 

1 . A method for facilitating insuring/hedging against a risk condition, 
comprising establishing/using an index which is a measure for the condition. 

2. The method of claim 1, wherein using is under a contract. 

3. The method of claim 2, wherein the contract is a license contract. 

4. The method of claim 1, wherein using is in a contract. 

5. The method of claim 4, wherein the contract comprises an option contract. 

6. The method of claim 4, wherein the contract comprises a futures contract. 

7. The method of claim 1, wherein the condition is measured scientifically. 

8. The method of claim 1, wherein the condition comprises a political 
condition. 

9. The method of claim 1, wherein the condition comprises an environmental 
condition. 

10. The method of claim 9, wherein the environmental condition comprises an 
atmospheric condition. 

1 1. The method of claim 10, wherein the atmospheric condition comprises a 
temperature condition. 

12. The method of claim 1 1, wherein the temperature condition comprises 
heating/cooling degree days (HDD/CDD) in a pre-specified geographic region over a 
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pre-specified time period. 

13. The method of claim 9, wherein the environmental condition comprises an 
oceanographic condition. 

14. The method of claim 13, wherein the oceanographic condition comprises 
an El Nino Southern Oscillator condition. 

15. A method in insuring/hedging against a risk condition, comprising 
buying/selling a contract which is contingent on an index which is a measure for the 
risk condition. 

16. The method of claim IS, wherein the contract comprises an option 
contract. 

1 7. The method of claim 1 5, wherein the contract comprises a futures 
contract. 

18. The method of claim IS, wherein the condition is measured scientifically. 

19. The method of claim IS, wherein the condition is a political condition. 

20. The method of claim IS, wherein the condition comprises an 
environmental condition. 

21. The method of claim 20, wherein the environmental condition comprises 
an atmospheric condition. 

22. The method of claim 21, wherein the atmospheric condition comprises a 
temperature condition. 

23. The method of claim 22, wherein the temperature condition comprises 
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heating/cooling degree days (HDD/CDD) in a pre-specified geographic region over a 
pre-specified time period. 

24. The method of claim 20, wherein the environmental condition comprises 
an oceanographic condition. 

25. The method of claim 24, wherein the oceanographic condition comprises 
an EI Nifto Southern Oscillator condition. 

26. A method in insuring/hedging against a risk, comprising, in combination: 

buying/selling at least one insurance contract for a risk condition; and 
buying/selling at least one security which is contingent on an index 

which is a measure for the risk condition; 

wherein the combination yields a payment in an amount which 

depends on one or more triggers. 

27. The method of claim 26, wherein the security is an option contract. 

28. The method of claim 26, wherein the security is a futures contract. 

29. The method of claim 26, wherein the security is priced as a function of 
probability of different catastrophic regimes and on incidence of loss in the regimes. 

30. The method of claim 26, wherein one of the triggers is based on a 
correlated risk and another on an uncorrelated event. 

3 1 . The method of claim 30, wherein the uncorrelated event comprises a pre- 
specified scientific pattern. 

32. The method of claim 30, wherein the uncorrelated event comprises a pre- 
specified political pattern. 
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33. The method of claim 30, wherein the uncorrelated event comprises a pre- 
specified environmental pattern. 

34. The method of claim 33, wherein the environmental pattern comprises an 
atmospheric pattern. 

35. The method of claim 34, wherein the atmospheric pattern comprises a 
temperature pattern in a pre-specified geographic region and over a pre-specified time 
period. 

36. The method of claim 34, wherein the atmospheric pattern comprises a 
precipitation pattern in a pre-specified geographic region and over a pre-specified 
time period. 

37. The method of claim 33, wherein the environmental pattern comprises an 
oceanographic pattern. 

38. The method of claim 37, wherein the oceanographic pattern comprises an 
El Nifto Southern Oscillator pattern. 
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